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ABSTRACT Fluorescence depolarization and decay kinetic profiles, together with differential scanning calorimetric ther-
mograms and circular dichroism spectra, are measured to understand the respective roles of Ca2 ions at the strong (Ca1)
and weak binding sites (Ca2) of subtilisin Carlsberg (sC). Thermal denaturation temperature decreases considerably with Ca1
removal, whereas it does slightly with Ca2 removal. The fraction of random coil structure increases significantly with Ca2
removal as well as with Ca1 removal. sC shows three fluorescence decay times of 100, 1100, and 3300 ps. Although the fast
and the slow do not change noticeably, the medium one decreases progressively with Ca2 removal. sC has two fluorescence
anisotropic decay components of 340 and 12,000 ps. The fast one arises from the internal rotation of Tyr, whereas the slow
results from the global rotation of sC. Although both become significantly faster with Ca2 removal, only the slow one becomes
slightly faster with further Ca1 removal. Overall, sC undergoes progressive rearrangement into disorderly and flexible
conformation with Ca2 removal, indicating that both Ca1 and Ca2 are indispensable for the stable structure of sC.
INTRODUCTION
Subtilisins comprise a group of serine proteases that are
secreted in large amounts from a wide variety of Bacillus
species. Serine proteases, present in virtually all organisms,
exist as two families, the “trypsin-like” and the “subtilisin-
like,” that have independently evolved a similar catalytic
device characterized by the triad of Ser, His, and Asp
(Carter and Wells, 1988). Subtilisins are of considerable
interest not only scientifically but also industrially, for they
are used in such diverse applications as meat tenderizers,
laundry detergents, and proteolytic medicines (Genov et al.,
1995; Fitzpatrick et al., 1994). Furthermore, their catalytic
efficiency and specificity in organic media would enhance
practical uses related to synthetic applications (Broos et al.,
1995; Chatterjee and Russell, 1993; Chaudhary et al., 1996;
Kijima et al., 1994). There have been many researches about
their stability (Pantoliano et al., 1989; Siezen et al., 1991;
Strausberg et al., 1993) as stabilization normally improves
their properties for applications. In many enzymes, metal
ions have been reported to play an important role in stabi-
lizing proteins by binding at specific sites (Genov et al.,
1995). The additional contribution of four Ca2 binding to
thermolysin, a neutral protease having four Ca2 binding
sites, is collectively as high as 9 kcal/mol in the free energy
of unfolding (Voordouw et al., 1976). Similarly, the binding
of Ca2 to the two noncooperative high-affinity sites of
parvalbumin III from carp muscle enlarges the overall un-
folding free energy by 10.6 kcal/mol and the thermally
unfolding transition temperature by 50°C.
It is reported (Ghadiri et al., 1992; Handel et al., 1993;
Lieberman and Sasaki, 1991) that metal ion binding to the
apoprotein of a conjugated protein replaces some of the
non-specific interactions with more geometrically restric-
tive metal-ligand interactions and so drives the polypeptide
chain to fold into a unique structure. Metal ion binding is
also reported to stabilize the peptide secondary structure of
a designed polypeptide by ligating metal ions to negatively
charged side chains that would otherwise repel each other
(Cheng et al., 1996; Kohn et al., 1998; Schneider and Kelly,
1995; Tian and Bartlett, 1996; Ghadiri and Choi, 1990;
Ruan et al., 1990). Thus it is very important to understand
the structural and functional roles of metal ion binding sites
from the standpoint of industrial applications as well as of
academic interest.
Subtilisin Carlsberg (sC), secreted by Bacillus lichenifor-
mis (Smith et al., 1968), is a single polypeptide chain of 274
amino acid residues with two Ca2 ion binding sites (Bode
et al., 1987; McPhalen and James, 1988; Neidhart and
Petsko, 1988). The x-ray structure of the strong site with a
binding constant of 108 (Pantoliano et al., 1989) has an
approximately octahedral coordination sphere (Bode et al.,
1987; McPhalen and James, 1988; Neidhart and Petsko,
1988), whereas the weak site with a binding constant of 102
(Pantoliano et al., 1988) has a quadrangular pyramidal
structure (Bode et al., 1987; McPhalen and James, 1988).
However, we have suggested (Lee and Jang, 2000) that in
solution the Ca2 bound in the strong binding site of sC
(Ca1) forms an additional coordination bond to a solvent or
substrate molecule. Ca2 binding to sC is known to slow
down autolysis and to enhance thermal stability (Pantoliano
et al., 1988). The Ca2 binding at the weak site as well as
at the strong site of the subtilisin BPN, which is similar to
sC in structure, is reported to enhance the protein stability
dramatically (Kidd et al., 1996).
Differential scanning calorimetry (DSC) is often used to
monitor the thermally induced unfolding transition of a
Received for publication 27 March 2001 and in final form 27 July 2001.
Address reprint requests to Dr. Du-Jeon Jang, School of Chemistry and
Molecular Engineering, Seoul National University, Seoul 151-742, Korea.
Tel.: 82-2-875-6624; Fax: 82-2-889-1568; E-mail: djjang@plaza.snu.ac.
© 2001 by the Biophysical Society
0006-3495/01/11/2972/07 $2.00
2972 Biophysical Journal Volume 81 November 2001 2972–2978
protein. The transition temperature, where the endothermic
unfolding transition is maximum, provides an approximate
measure for the thermal stability of the protein. Near-ultra-
violet (UV) circular dichroism (CD) is useful for monitoring
the local tertiary structure of a protein in the vicinity of the
aromatic residues sensitively. Thus, near-UV CD is partic-
ularly useful for probing small changes introduced by chem-
ical modification, ligand binding, or site-directed mutagen-
esis. On the other hand, far-UV CD is valuable for
determining the secondary structural constitution of a pro-
tein because the CD spectra of the three secondary structure
types are very different from one another in the far-UV
region.
Trp and Tyr are responsible for the fluorescence of pro-
teins, and sC has only one Trp and 13 Tyr residues (Smith
et al., 1968). Trp fluorescence is known to predominate over
Tyr fluorescence, probably due to quenching or energy
transfer. An exception is sC, which exhibits Tyr fluores-
cence dominantly (Kijima et al., 1994; Willis and Szabo,
1989). Tyr contribution becomes negligibly small when sC
is excited at or above 295 nm (Grinvald and Steinberg,
1976; Lakowicz et al., 1983; Lakshmikanth and Krish-
namoorthy, 1999; Nishimoto et al., 1998). Thus the fluo-
rescence spectra have often been measured with excitation
at 295 nm to minimize the complexity arising from Tyr
contribution. However, in this study fluorescence is to be
collected after exciting Tyr as well as Trp to probe the
overall structural changes with Ca2 removal.
We have measured fluorescence depolarization and decay
kinetic profiles as well as differential scanning calorimetric
thermograms and CD spectra to understand the respective
roles of Ca1 and Ca2 bound at the weak binding sites of sC
(Ca2). Our results show that the conformation of sC pro-
gressively becomes disorderly and flexible with Ca2 re-
moval.
MATERIALS AND METHODS
Trizma (H2NC(CH2OH)3) and sC were used as purchased from Sigma (St.
Louis, MO). Metal cation-removed sC from the strong binding site as well
as from the weak binding site (dSsC) was prepared by equilibrating 0.5
mM sC with 20 mM EDTA for one-half hour in aqueous buffer (pH 7.5)
solution of 0.1 M Trizma. Metal-cation removed sC from the weak binding
site (dWsC) was prepared by the same procedures as dSsC, except for the
EDTA concentration (2 mM). All the samples of dSsC and dWsC as well
as native sC (NsC) were prepared just before use to minimize the concen-
tration of autolyzed sC. The concentration of sC was determined by
measuring absorbance at 280 nm, where the extinction coefficient is 2.5 
104 M1 cm1 (Genov et al., 1995). All the measurements, except DSC
measurements, were performed at room temperature.
DSC measurements were performed using a Thermoflex DSC 8131
(Rigaku, TAS 100) at a scan rate of 2°C per min, whereas CD spectra were
collected using a spectropolarimeter (Jasco, J-600).
Fluorescence decay and depolarization kinetics were measured using an
actively/passively mode-locked Nd:YAG laser (Quantel, YG501) and a
10-ps streak camera (Hamamatsu, (2830) attached with a CCD detector
(RTE128H, Princeton Instruments). The polarized (polarization purity
99%) laser pulses of 25 ps, 266 nm, and 1 mJ were focused on a sample
with the spot diameter of 2 mm for excitation. Emission was collected at
near magic angle (54.7°) and right angle for decay and depolarization
measurements, respectively, from sample excitation. Emission wavelength
was selected using a combination of band-pass filters for kinetics or a
0.15-m monochromator (Spectrapro 150, Acton Research) for time-re-
solved spectra. In fluorescence depolarization measurements the emission
intensities (I) of the polarizations parallel () and perpendicular () to the
polarization of excitation light were measured independently using both
vertically and horizontally polarized laser pulses. Fluorescence anisotropy
at time t, r(t), was calculated as
rt It G It	 / ItG 2 It	 (1)
in which G is a correction factor for the efficiencies of the detector toward
vertically and horizontally polarized light. The G-value is experimentally
measured as the ratio of the vertical emission to the horizontal emission
when the excitation is horizontally polarized.
Fluorescence decay and depolarization kinetic parameters were ex-
tracted by fitting measured kinetic profiles to computer-simulated kinetic
curves convoluted with respective instrumental response functions. Fluo-
rescence decay and depolarization kinetics were fitted to
It  fiexp t/i (2)
rt r0  iexp t/i (3)
respectively. The fi and i in Eq. 2 are the initial fractional fluorescence
intensity and time constant of each decay component, respectively. On the
other hand, r0 in Eq. 3 is the initial anisotropy and i and i are the
fractional contribution and rotational correlation time, respectively, of each
depolarization component. In general, the rotational dynamics of a fluoro-
phore attached in a macromolecular system is deconvoluted into two
correlation components, which are the rotational motion of the whole
macromolecule and the internal motion of the fluorophore with respect to
the macromolecule. As [I (t)G  2I (t)] represents the total fluorescence
intensity, we have checked whether its decays agree with fluorescence
decay profiles measured at near magic angles. Satisfactory agreements
were found within experimental errors.
RESULTS AND DISCUSSION
Fig. 1 shows that the thermally induced unfolding transition
FIGURE 1 DSC thermograms of indicated sC having respective concen-
trations of 0.5 mM in aqueous buffer (pH 7.5) solutions of 0.1 M Trizma.
The estimated denaturation temperatures are 73.0°C for NsC, 72.2°C for
dWsC, and 64.3°C for dSsC.
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temperature decreases considerably (by 8.7°C) with the
removal of both Ca1 and Ca2, whereas it does slightly (by
0.8°C) with the removal of Ca2 only. This indicates that the
denaturation temperature increases greatly with Ca1 bind-
ing, rather than Ca2 binding. (The shoulder of the DSC
thermogram of NsC near 70°C results from the denaturation
of autolyzed sC because sC was used as received without
further purification. This suggests that the native polypep-
tide chain having both Ca1 and Ca2 has the highest thermal
stability.) Ca1 is crucial for the thermal stability of sC
whereas Ca2 is also somewhat helpful. Although the effects
of others such as mutation and medium on the thermal
stability of subtilisins have been already studied with DSC
(Pantoliano et al., 1989; Yang et al., 1996), we are reporting
DSC results for the individual effects of Ca1 and Ca2 on the
thermal stability of sC for the first time.
Although Ca1 is much more vital to the thermal stability
than Ca2, the CD spectra of Fig. 2 suggest that both Ca1 and
Ca2 are crucial to the stability of the secondary structures.
Absorbance at the absorption minimum of NsC near 235 nm
increases sequentially as the fraction of the random coil
structure increases progressively with Ca2 removal (Table
1). Far-UV CD spectra below 250 nm are extremely sensi-
tive to the secondary structures of proteins and are useful for
estimating the fractional constitution of 	-helix, -sheet,
and random coil. The determination of individual secondary
structure fractions by analyzing CD spectra has been widely
used (Venyaminov and Yang, 1996). Although the fractions
of 	-helix, -sheet, turn, and random coil in NsC are
reported as 0.31, 0.1, 0.22, and 0.37, respectively, from the
x-ray structure (Chang et al., 1978), they are found to be
0.22, 0.47, 0, and 0.31, respectively, from the CD spectrum
(Bayley et al., 1989). This indicates that the fractions cal-
culated from CD spectra have large errors inherently. Thus
we estimated just the approximate fractional changes of the
constituting secondary structures with Ca2 removal, con-
sidering the secondary structure fractions of NsC by Bayley
et al. (1989) and the basis spectra and estimation method of
secondary structures by Saxena and Wetlaufer (1971). De-
spite large uncertainties, we are showing experimentally for
the first time the progressive structural changes of sC with
Ca2 binding. Sequential Ca2 binding to the negatively
charged side chains of the strong and the weak binding sites,
which would otherwise repel each other (Kohn et al., 1998;
Schneider and Kelly, 1995), changes the secondary struc-
ture constitution and enhances the stability progressively.
On the other hand, because near-UV CD is particularly
sensitive to local tertiary structures in the vicinity of the
aromatic residues, it is generally an excellent qualitative
indicator for small changes introduced by chemical modi-
fication or ligand binding. The near-UV CD band of Fig. 2
is relatively featureless at 280 nm as it results from the
superposition of a large number of different Tyr and Trp
residues. Nevertheless, the near-UV CD hardly changes
with the removal of Ca2 but it does noticeably with the
removal of Ca1. This indicates that some chiral aromatic
residues of Tyr and Trp near the strong site are subject to
local structural changes with Ca1 binding. Considering both
DSC and CD measurements, we suggest that both Ca1 and
Ca2 are essential for the stable structure of sC, although Ca1
is more crucial to the thermal stability. As Ca1 binds to sC,
the enzyme forms a metastable structure, which already has
the substantial conformation of sC. However, both Ca1 and
Ca2 are suggested to be indispensable for the stable struc-
ture of sC.
FIGURE 2 CD spectra of NsC (boldly solid), dWsC (dotted), and dSsC
(thinly solid) with respective concentrations of 0.5 mM in aqueous buffer
(pH 7.5) solutions of 0.1 M Trizma.
TABLE 1 Approximate fractional changes of the secondary
structures of Ca2-removed sC compared with NsC,
estimated from Fig. 2
Sample 	-Helix -Sheet Random coil
dWsC 0.1 0.1 0.2
dSsC 0.2 0.3 0.5
Estimation method is described in the text.
FIGURE 3 Time-resolved fluorescence spectra of 0.8 mM NsC in aque-
ous buffer (pH 7.5) solution of 0.1 M Trizma at the shown time delays after
excitation at 266 nm.
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Our temporal and spectral resolutions show that the flu-
orescence of sC has three spectral bands having the maxima
around 310 (
short), 360 (
medium), and 410 nm (
long) and
that the three bands are quite different from one another in
temporal behaviors (Fig. 3). Because both Tyr and Trp emit
fluorescence from 1(,*), the 
short band originates from
relatively hydrophobic environment and the 
long band does
from relatively hydrophilic environment. It is interesting
that although the 
short band has the highest energy to be
quenched, it decays more slowly than the 
medium band. Tyr
residues emitting the short band have tighter environment
than those emitting the 
medium band and they cannot un-
dergo internal rotation rapidly. This is the reason why the

short band is not quenched fastest regardless of its highest
energy (vide infra). The 
long band having the lowest energy
decays most slowly because the responsible fluorophores do
not have any quenching chromophores of low energy. How-
ever, it should be mentioned that the time-resolved spectra
of Fig. 3 show only approximate temporal behaviors of sC
fluorescence because the overall behaviors depend on the
initial relative amplitudes and lifetimes of all the decay
components present in fluorescence. We can see the details
of sC fluorescence kinetic behaviors from Fig. 4.
The protein fluorescence of sC has three temporally dis-
tinguishable decay components of 100, 1100, and 3300 ps,
designated as fast, medium, and slow components, respec-
tively (Fig. 4 and Table 2). The reason why the 
medium band
decays fastest superficially in Fig. 3 is that the initial am-
plitude of the fast component is largest among the three
spectral bands. On the other hand, the 
long band decays
most slowly as it has the smallest amplitude of the fast
component and the largest amplitude of the slow compo-
nent. We attribute the fast and the medium decay compo-
nents to energy transfer processes from high-energy Tyr
residues at hydrophobic environment to low-energy Tyr
residues at hydrophilic environment or to Trp and Tyr
residues. The slow component arises from the relaxation of
low-energy Tyr residues or Trp and Tyr residues to their
ground state.
The decay kinetics of sC protein fluorescence becomes
faster sequentially with stepwise Ca2 removal, although
the changes are not substantial (Fig. 5). Table 3 shows that
the decay time of only the medium component decreases
with Ca2 removal. Tyr residues near both binding sites
FIGURE 4 Fluorescence kinetic profiles, displayed in short (a) and long
(b) time windows, of 0.8 mM NsC in aqueous buffer (pH 7.5) solutions of
0.1 M Trizma. Emission was collected at indicated wavelengths after
excitation at 266 nm.
TABLE 2 Fluorescence decay constants of NsC at three
different wavelengths, extracted from Fig. 4

em (nm) f (ps) ff m (ps) fm s (ps) fs
300 100 0.13 1100 0.32 3300 0.55
360 100 0.38 1100 0.22 3300 0.40
420 100 0.12 1100 0.13 3300 0.75
FIGURE 5 Fluorescence kinetic profiles, displayed in short (a) and long
(b) time windows, of NsC (boldly solid), dWsC (dotted), and dSsC (thinly
solid) with respective concentrations of 0.8 mM in aqueous buffer (pH 7.5)
solutions of 0.1 M Trizma. Fluorescence was monitored at 290 nm after
excitation at 266 nm.
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have looser environment with Ca2 removal so as to un-
dergo internal rotation and subsequent energy transfer more
easily (vide infra). The lifetime of the fast component does
not change with Ca2 removal because the Tyr residues
responsible for the fast component already have good cou-
pling conditions with Ca2 ions. The lifetime of the slow
component does not change obviously as expected. Ca2
removal reduces the decay time by 23%, and Ca1 removal
in addition to Ca2 removal reduces the decay time further
by 8%. Compared with the strong site, the weak site is more
hydrophobic (Lee and Jang, 2000) so that it might have
more high-energy Tyr residues nearby. Thus, Ca2 removal
reduces the lifetime of the medium component more than
Ca1 removal does.
The 
short band among the three protein fluorescence
bands of sC shows the largest initial anisotropy and the
slowest depolarization kinetics, whereas the 
medium band
shows the smallest anisotropy and the fastest kinetics (Fig.
6 and Table 4). The anisotropy of each fluorescence band
decays with double rotational correlation times. The fast
depolarization time depends on the monitored wavelength
strongly, whereas the slow one does not at all. The slow one
of 12 ns is ascribed to the overall rotation time of the entire
polypeptide because the global rotation time measured from
the Trp fluorescence depolarization kinetics of sC is re-
ported to be 11.3 ns (Bayley et al., 1989) and the time is
calculated using the Stokes-Einstein relation as 12 ns for the
30 kDa protein of sC (Cantor and Schimmel, 1980). Then
the fast component arises from the internal rotation of Tyr
and Trp fluorophores with respect to the entire protein
motion. As already suggested with Figs. 3 and 4, the flu-
orophores responsible for the 
short fluorescence band are
enclosed by much tighter polypeptide segments than those
responsible for the 
medium band. Tyr residues in hydro-
philic environment are in looser environment to undergo
fast internal rotation than those in hydrophobic environ-
ment. This explains why the 
medium fluorescence band
decays faster than the 
short band (Figs. 3 and 4).
Both fast and slow rotational correlation times change
significantly with the removal of Ca2 from the weak
binding site (Fig. 7 and Table 5). However, none show
significant variation with the additional removal of Ca2
from the strong binding site, although we admit that the
slow rotational time decreases slightly further. It is interest-
ing that the initial anisotropy does not change at all with
Ca2 removal. Very fast internal motions or rapid intermo-
lecular energy transfer processes on a femtosecond-picosec-
ond time scale cause a decrease of the initial anisotropy.
Then no change in the initial anisotropy suggests that Ca2
removal does not change rapid processes occurring in a
femtosecond-picosecond time scale. The significant reduc-
tion of the fast rotational correlation time with Ca2 removal
implies that Ca2 binding to the weak binding site causes
peptide segments enclosing fluorophores near Ca2 to be less
flexible by chelating negatively charged side chains. Be-
cause Figs. 1 and 2 have indicated that Ca1 removal also
changes the thermal denaturation temperature and second-
ary structure of sC, Ca1 binding should make peptide seg-
ments near Ca1 less flexible as well. No change in the fast
rotational time with Ca1 removal rather suggests that the
fluorophores of Tyr and Trp residues are not present near
Ca1. The decrease of the slow rotational correlation time
with Ca2 removal results from decrease in the gyration
radius of the global protein. We have shown with Fig. 2 and
Table 1 that while the fractions of 	-helix and -sheet
decrease, the fraction of random coil increases progressively
with Ca2 removal. Then the radius of the gyration de-
creases apparently with stepwise Ca2 removal, reducing
the global rotational time of sC.
CONCLUSION
The polypeptide chain of sC undergoes progressive rear-
rangement into disorderly and flexible conformation with
TABLE 3 Ca2-dependent decay constants of sC
fluorescence, extracted from Fig. 5
Sample f (ps) ff m (ps) fm s (ps) fs
NsC 100 0.22 1100 0.23 3300 0.55
dWsC 100 0.25 850 0.23 3300 0.52
dSsC 100 0.25 760 0.27 3300 0.48
FIGURE 6 Fluorescence depolarization kinetic profiles, excited at 266
nm and collected at shown wavelengths, of 0.8 mM NsC in aqueous buffer
(pH 7.5) solutions of 0.1 M Trizma.
TABLE 4 Wavelength-dependent anisotropic decay
parameters of NsC fluorescence, extracted from Fig. 6

monitor (nm) r0 f (ps) f s (ps) s
300 0.30 410 0.06 12,000 0.24
360 0.13 160 0.12 12,000 0.01
420 0.15 360 0.12 12,000 0.03
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stepwise Ca2 removal. Thermal denaturation temperature
decreases considerably with Ca1 removal, whereas it does
slightly with Ca2 removal. On the other hand, the fraction of
random coil structure increases significantly with Ca2 re-
moval as well as with Ca1 removal. The near-UV CD hardly
changes with Ca2 removal but it does noticeably with Ca1.
The enzyme shows three fluorescence decay times of 100,
1100, and 3300 ps. Whereas the fast and the slow do not
change noticeably, the medium one decreases progressively
with Ca2 removal. The protein has two fluorescence aniso-
tropic decay components. The fast one arises from the
internal rotation of Tyr and it decays in 410 ps at 300 nm
and in 160 ps at 360 nm. The slow one resulting from the
global rotation of sC decays in the time scale of 12 ns.
Although both become significantly faster with Ca2 re-
moval, only the slow one becomes slightly faster with
further removal of Ca1. Ca2 removal increases the flexi-
bility of sC and decreases the gyration radius of sC signif-
icantly. Although Ca1 and Ca2 play different structural
roles, both are suggested to be indispensable for the stable
structure of sC.
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